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ABSTRACT

This report details the maneuvering in waves
capability for Underway Replenishment (UNREP) of the T-
ADC(X) cargo ship. It contains a description of software
and computer ship models used; a synopsis of the
investigation methodology; and the results of the computer
study. The results include course deviation, motions
(heave, roll, pitch, yaw), as well as rudder size required to
maintain heading at UNREP speeds. These data are
presented as speed-heading contour plots and/or tabular
form in the report. '

ADMINSTRATIVE INFORMATION

This task was performed at the Naval Surface Warfare Center, Carderock Division
(NSWCCD) by the Seakeeping Department (Code 55). This work was sponsored by the
Naval Sea System Command (NAVSEA O3D1) under Project Element 63564N, Project
Number S040800, and authorized by Work Request NO0024989WR10661-AA.

BACKGROUND

The purpose of this study is to determine the course keeping performance in
waves of the T-ADC(X) point design. The T-ADC(X) is a dry cargo ship for underway
replenishment (UNREP) of fleet ships. The main concern is the ability to maintain
heading in a seaway; this is critically important for UNREP ships. The UNREP
requirement is to maintain heading in sea state 5 at 14 knots.

This study used the FREPOLAR computer program to model the course keeping
performance in waves of the T-ADC(X) point design. The sponsor provided point
design information sufficient to develop the FREDYN!' input and computer model. The
sponsor already has a calm water maneuvering assessment of the T-ADC(X) point
design. The proper autopilot gains were determined as the first step by finding '
coefficients to maintain heading at worst heading, i.e., usually bow quartering. The
autopilot gains, or coefficients, determine the relative importance of the various terms in
the autopilot control law.

Then, using FREPOLAR, the investigator performed sufficient computer runs to
determine performance of point design in sea state 5 as a function of speed and heading.
The study examined course keeping in terms of horizontal motion (xy) and heading. The
study considered speeds of 10 to 16 knots in 2 knot increments and headings 0-180 in 15
degree increments. Additionally, the study investigated rudder size effects on
maneuvering performance, if needed.

Reference 2 gives motion criteria and limits for UNREP operations. The motion
criteria deal mainly with cargo handling and loading, crew stumbling in terms of lateral
and vertical acceleration; and ship slamming and deck wetness. Considering the size of
the T-ADC(X), ship accelerations, slamming, and deck wetness are not deemed




problematic. The limits for cargo handling are: 5 deg of roll and 2 deg of pitch. Both
roll and pitch are single significant amplitudes (SSA). For the purpose of this study,
longitudinal and lateral course deviations, surge and sway, greater than 15 meters are
considered unacceptable.

FREDYN AND FREPOLAR DESCRIPTION

FREDYN! is a time domain seakeeping program used to evaluate the motion
response of a steered ship in moderate to extreme waves and wind. It can also be used to
evaluate maneuvering characteristics in calm water and waves.

To model UNREP conditions adequately necessitates taking into account various
non-linearities. The approach used by FREDYN is a combination of theoretical and
empirical approaches, rather than purely theoretical, with all physically relevant factors
considered in a straightforward manner. Empirical viscous flow forces are added to the
strip theory potential flow solution to complete the physical model. FREDYN takes into
account above waterline geometry in calculating large amplitude wave hydrostatics and

excitation.

FREDYN is only valid for monohulls, at this time, for speeds of zero to 0.5
Froude number. The waves are modeled using linear superposition for long crested,
irregular, deep water waves that can be steep, but not breaking. The waves can come
from an arbitrary heading. Alternatively, sinusoidal regular waves can be specified.

FREDYN does not account for any dynamic water-on-deck or bulwark
submergence effects. There is a damaged stability option, which does allow dynamic
flooding of compartments.

FREDYN was developed by the Maritime Research Institute Netherlands
(MARIN) and is proprietary to Cooperative Research Navies (CRNAV) members.

FREPOLAR is a program shell that makes multiple FREDYN runs for a user-
defined set of speeds, headings, and sea conditions. It does some post-processing to
determine number of broaches, surf riding, and capsizing events based on user defined
criteria. For this study, it was modified to output longitudinal and lateral course
deviation, denoted “surge” and “sway”, respectively. Each FREPOLAR run uses the
same random seed number for every FREDYN run made during the FREPOLAR run. A
random seed number is the number used to start a random number generator. The same
random seed number will produce the same set of random numbers every time and for
this application the same wave time history every time.

HULL FORM DESCRIPTION

The version of the T-ADC(X) hull form that was used for this study is a relatively
full form, high beam to draft ratio dry cargo ship with a bow bulb and tunnel stern. The
ship has a single propeller and its shafting is enclosed by a large producible centerline
skeg. See Table 1 for principal dimensions and loading conditions.

FREDYN uses 21 equally spaced stations to-define the hull form. The sponsor’s
representative (Nichols Advanced Marine Enterprises) provided the hull offsets as well as




appendage information. The bilge keel was assumed to be one third the lenéih between
perpendiculars centered at midships and 1 meter wide. There was no additional skeg
added for viscous effects.

The bow stem above the bow bulb was increased from 0 mm to a half breadth of
30 mm to avoid numerical problems within FREDYN. Additionally, the keel position at
the aft perpendicular was placed lower in the water by 29 mm so each station would have
some wetted surface at the design draft. Considering the size of the T-ADC(X) these
changes have a negligible effect on the results. See Figure 1 for the body plan used in the
FREDYN simulation.

AUTOPILOT DESCRIPTION

FREDYN uses a Proportional-Integrative-Derivative (PID) controller with sway,
roll, and yaw terms as the autopilot. The autopilot coefficients determine the response of
the rudder based on the position and motion of the ship. This controller used only yaw
and yaw rate. Surge or sway were not explicitly controlled.

Four controllers were investigated, three human navigators and one “perfect”
autopilot. The human navigator controller values were determined from analysis of full
scale trials data of a larger Coast Guard cutter under manual control®. The “perfect”
autopilot controller values are considered optimistic, though it seemed reasonable to use
the best helmsman when conducting Underway Replenishment (UNREP). Initial runs
were made using the three human navigators’ coefficients and the best one chosen,
number 2. See Table 2 for an example of the response as a function of controller.

The study used typical numbers for maximum rudder angle, 35 degrees, and
maximum rudder rate, 3 deg/sec, in the absence of actual machinery values. The
autopilot coefficients used were determined from full-scale trials of the 378 foot Coast
Guard High Endurance Cutter with a human pilot. The yaw and yaw rate coefficients
were determined by regression analysis of the yaw and rudder angle channels. The
autopilot only controlled heading. See Table 3 for the coefficients used for the different
controllers.

CONDITIONS

The study made sufficient FREDYN/FREPOLAR runs to determine performance
of point design in sea state 5 as a function of speed and heading. The study examined
course keeping in terms of horizontal motion (surge/sway) and heading. There were two
parts to the study: the calm water maneuvering and maneuvering in waves. The loading
condition investigated was the full load mixed cargo.

The calm water maneuvering are not an extensive study, but simply provide
points for comparison with the existing calm water maneuvering predictions. Only
turning circles were done as the calm water maneuver. The speeds were 5 through 20 in
5 knot increments.




The maneuvering in waves study considered speeds of 10 to 16 knots in 2 knot
increments and wave headings 0-180 in 15 degree increments. Rather than the median
sea state 5 wave height of 3.25 m, the study used the maximum value of 4 m to ensure
complete operability at sea state 5. Results are the combination of four one simulated
hour FREPOLAR runs.

Additionally, using just one FREPOLAR run, the study investigated low and
medium sea state 5 response. The maneuvering effect of a 20% larger rudder size was
studied as well. The larger rudder maintained the same aspect ratio as the original
rudder.

CALM WATER RESULTS

The FREDYN calm water maneuvering results are only tactical turning circles at
speeds of 5, 10, 15, and 20 knots. The T-ADC(X) starts with an initial velocity and the
rudder is turned over to the maximum rudder angle, 35 degrees, at the maximum rudder
speed, 3 degrees/sec. The rudder is left at that angle for the remainder of the run. The
run lasts until the T-ADC(X) achieves a steady state turning diameter. Table 4 provides a
comparison for the existing calm water maneuvering predictions. This study did not
make that comparison.

Advance is the distance along the original course from where the rudder is
initially turned to the point where the heading is perpendicular to the original course.
Transfer is the distance perpendicular to the original course from where the rudder
initially turns and to the point where the heading is perpendicular to the original course.
See Reference 4 for a more complete description of maneuvering definitions.

MANEUVERING IN WAVES RESULTS

To ensure full operability through sea state 5, the maximum significant wave
height and most probable period were chosen. The seaway was described using a
Bretschneider spectrum with 4 m significant wave height and 9.7 second average period.
For comparison medium and low sea state 5 runs were made at 3.25 m and 2.5 m
respectively. The average period was 9 seconds for both sea conditions. Runs were made
for speeds from 10 to 16 knots at headings from 0 to 180 in 15 degree increments.
Results were considered symmetric port and starboard.

Because FREDYN/FREPOLAR is a time domain model each run is only one
possible representation of an infinite number of possible finite time histories for a given
spectra. The random seed number determines that representation. The seed values used
were known to produce capsizing events in other studies. The choice of seed number does
not appreciably affect the results, except surge, due to the long simulation time causing
the statistics to average out as time goes to infinity. There is less variation in the
significant single amplitudes than the maxima for response other than surge.

As an example, see Table 5 for trends at 12 knots and worst heading. Table 6
shows trends at 12 knots and stern quartering seas (135 degrees). The high sea state 5
results presented are the combination of four FREPOLAR runs with four different seed
values into one run for analysis purposes. The combined significant single amplitude




values are based on the concatenation of the four runs; the maximum values are the
“maximum of all four runs.

Surge and sway include long period maneuvering oscillations as well as wave
induced short period oscillations. The maneuvering oscillations are a function of the
interaction between the controller and individual wave groups. As such, an hour run has
fewer samples of these oscillations than say roll. This is why there is more variation in
surge and sway than other responses, such as yaw. Therefore, longer runs are necessary
to generate enough samples for the runs to be statistically “equal”. Looking at short
period response, like yaw, show an hour is enough time for those channels to be
statistically equivalent.

SIX DEGREE OF FREEDOM RESPONSE

FREDYN calculates the six degree of freedom response of the T-ADC(X) in
waves. For the purposes of UNREP maneuvering concerns, only surge, sway, and yaw
are of interest. The other motions, heave, roll, and pitch, are compensated for by the
constant tension winches. Heave, roll, and pitch play a role in UNREP in terms of cargo
strike-up, strike-down, and handling.

Figures 2-7 are contour plots of the six degree-of-freedom response detailing the
UNRERP speed-heading conditions. Tables 7-18 are the numerical values output from
FREPOLAR and used to generate the contour plots. The term “absolute maximum”
means the value is the absolute value of the greater of the positive or negative maxima.

Surge and sway in this study include course deviation as well as wave induced
oscillations. So large significant and maximum values should not be interpreted as a
single wave induced event. Rather, they indicate the degree of difficulty in maintaining a
constant speed and heading. Examining single FREDYN runs shows wave induced
oscillations on the order of 2-5 meters overlaid on a much larger, slow period oscillation.
The slow period oscillations were on order of 20-30 minutes. Obviously, a better
helmsman (control law) would improve the slow period oscillations.

As such, surge and sway single significant amplitude are less than 15 m for speeds
10-16 knots and headings forward of beam seas. This also corresponds to the region of
low heave, roll, and yaw. Pitch is slightly larger in bow seas, but pitch values are less
than 2 degrees for all conditions examined. Sway and yaw are near zero for head and
following seas because the simulation used long crested waves.

This region of low response is consistent with UNREP operational guidance of
operation in head to bow seas. Given the operability criteria mentioned earlier, the T-
ADC(X) has complete operability in this region.

Response tends to be better with increased speed for bow wave headings and
worse in quartering seas, i.e., aft of beam. In fact, the worst surge, sway, and roll occur at
16 knots at 150-180 degree headings. Operators avoid these conditions for just that
reason.




Extreme events

In addition to normal maneuvering, FREDYN also predicts the occurrence of
extreme events such as capsizing, broaching, and surf riding. Broaching is a large
uncontrolled yaw accompanied by a large increase in yaw rate. Surf riding is defined as
the combination of ship speed in excess of speed due to propeller and very small
rotational rates for more than 1.5 seconds. The T-ADC(X) hull form had no occurrences
of any of these extreme events in all the runs made.

Typically, surf riding is defined as either excessive speed Or near zZero response.
Tnitial runs with the T-ADC(X) indicated many false instances of surf riding due to the
slow rotations of the hull form causing it to appear to have near zero rotational rates.
Consequently, the definition of surf riding became the simultaneous occurrence of excess
speed and very small rotational rates.

LOW AND MID SEA STATE 5

The response of the T-ADC(X) in low to mid sea state 5 shows the affect of
increasing sea state on operability. Whereas complete operability through sea state S5is
desired, it may be useful to see the response at lesser sea conditions. The significant
wave heights are 2.0 and 3.25 m for the low and middle sea states. In both cases, the
average period was 9.0 seconds. This is a slight reduction in period to reflect the smaller
waves heights. Only one FREPOLAR run was made for each condition. The runs used
«#2 human” controller coefficients and random seed #2.

Tables 19-21 show the significant single amplitude (SSA) for horizontal motions
by sea state at the worst heading. Tables 22-27 show the SSA and absolute maximum for
horizontal motions in low sea state 5. Tables 28-33 show the SSA and absolute maximum
for horizontal motions in middle sea state 5. Figures 8-16 show surge, sway, and yaw
SSA for the speed-heading range. The important point to remember is these results are
for one seed number, i.e., one seaway representation. As such, they provide a relative
comparison. Many FREPOLAR runs with different seed numbers are necessary to
calculate statistically valid results.

The changes with respect to speed are a combination of effects. The larger values
at 10 kn show the rudder lacks enough lift to maintain heading. Examining Tables 34-36,
show the larger rudder with more lift improving performance at the lower speeds. The
relatively small change in the 16 kn column of Tables 34-36 indicate the cause is not
associated with the rudder. The larger values at 16 kn result from approaching zero
encounter frequency and the greater possibility of near broaching and surf riding.

The response does increase with wave height. Even at worst heading, sway and
yaw values seem acceptable through mid sea state 5. Surge has large values even at low
sea state 5. The large surge values tend to be a result of long period oscillation rather
than short period wave induced oscillations. As such, throttle, as well as, better rudder
control could help the situation. Also Tables 22-23 and 28-29 show relatively small
surge values with only a few large peaks. This indicates acceptable course control over
most of the speed-heading range throughout sea state 5.




RUDDER SIZE

The study also increased rudder area 20% to increase operability and highlight
control law effects. Hopefully, the larger rudder would demonstrate a potential
operability benefit. It would also show how much of an increase in area is necessary to
create a change. Also the larger rudder would exaggerate any deficiencies in the
controller law. Tables 34-36 show the comparison of the original and 20% larger rudder
at the worst heading. Tables 37-42 show the horizontal motion results for all speed-
heading combinations in the study. Figures 10, 13, and 16 show surge, sway, and yaw,
respectively, for the larger rudder over the speed-heading range.

The increased rudder size does decrease sway and yaw. Surge, except at 10 kn, is
largely unaffected. Surge tends to be smaller in bow seas and greater in stern seas; with
an overall increase across speeds-headings. This is not surprising, considering a rudder
not used to control longitudinal motion. This indicates a throttle controller would be
necessary to reduce longitudinal course deviation (surge).

The surge increase at 14 kn with the larger rudder is a result of comparing
different headings. The larger rudder value is for 30 degrees off the stern rather than 45
degrees, so that there is more longitudinal excitation at the larger rudder heading. The
worst speed-heading combination varies due to the time domain interaction of different
rudder effects. The effect of a larger rudder is small indicating the design rudder size is
reasonably good.

SUMMARY
The T-ADC(X) maneuvering study investigated six degree of freedom response in

‘high sea state 5 sea conditions at typical UNREP speeds. The study considered long

crested waves from any direction. The high sea state 5 results presented, unless otherwise
noted, are the combination of four one-hour simulation FREPOLAR runs.

The surge and sway results include long period course deviations as well as
shorter period wave oscillations. Large surge and sway values indicate difficulty in
maintaining a constant speed and heading. Actual wave induced oscillations, not
including course deviation, are on the order of 2-5 meters.

Yaw also tends to have a non-zero mean value, indicating a long period
maneuvering influence. The long period maneuvering influence increases the yaw
significant values because the long period oscillations were not removed from the time
history before analysis. Even so, approximately 90% of the speed-heading matrix has
values less than 4 degrees. :

Single significant amplitude pitch is less than 2 degrees for the entire speed-
heading matrix. Single significant amplitude roll is less than 5 degrees bow wave
headings less than 80 degrees and stern headings greater than 160.

Using criteria from Reference 2, the combination of the lowest motion areas
indicates acceptable UNREP operations at head to beam seas at 14-16 knots. Speeds
from 12-10 knots have similar operability from head to 65 degree seas off head.




Increasing the rudder area 20% does not increase perforrriance appreciably. This
indicates the present rudder size is adequate for navigation. Effort should be focused on
better use of the rudder, rather than increasing its size.

The effect on maneuvering on longitudinal and lateral course deviation, surge and
sway, is a function of the interaction between the controller and individual wave groups.
Statistically, this makes the phenomenon less common than other response, e.g., roll
oscillation. As a result, more FREPOLAR runs with different seed numbers are
necessary to generate statistically valid results.
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Figure 1. T-ADC(X) (version 112b) body plan and sectional area curve used by
FREDYN.
Table 1. T-ADC(X) principal dimensions and loading conditions.
length overall, 210 m
length between perpendiculars, 203 m
beam, 32.3m
loading conditions FL mixed FL stores Max Arrival
Weight w/
service life
displacement (normal, heavy, and light), 36525 34462 38648 24726 MT
draft 8.33 7.94 8.72 6.21m
draft (fwd), 7.86 7.14 7.96 3.68 m
draft (aft), 8.7 8.6 8.72 8.48m
block coefficient 0.652 0.646 0.659 0.592
waterplane coefficient 0.799 0.794 0.804 0.755
midship section coefficient, 0.979 0.978 0.98 0.972
BMt 10.68 11.073 10.314 13.308 m
KB, 4.538 4.323 4757 3.385m
KG with .3 m FS correction 12.55 12.62 12.69 13.6 m
GM 2.67 2.78 2.38 3.09m




Table 2 . Response as a function of contréller for the same seaway at 12 knots and 45

degrees.
Controller Surge (m) Sway (m) Yaw (deg)
#1 human Maximum 7.33 12.98 6.48
Sig. Amp. 4.35 6.57 1.84
#2 human Maximum 4.66 12.06 6.38
Sig. Amp. 3.65 5.63 1.90
#3 human Maximum 3.85 21.18 11.64
Sig. Amp. 2.03 8.52 3.04
“Perfect” Maximum 4.64 3.92 2.49
Autopilot Sig. Amp. 2.63 7.02 0.78
Table 3. Autopilot coefficients used for different controllers.
#1 human #2 human #3 human “Perfect”
Autopilot
Yaw gain -1.16 -1.88 0.51 -7.81
Yaw rate gain 11.05 3.49 19.61 -8.50
Table 4. T-ADC(X) calm water turning predictions.
Speed Advance Transfer Tactical Steady
(kn) (m) (m) Diameter (m) | Diameter (m)
5 434.6 162.8 379.0 139.0
10 517.1 217.0 485.2 153.5
15 551.5 238.3 527.3 165.8
20 568.5 246.7 543.8 177.6

10




Table 5. Lateral response for different raﬁdom seed values at 12 knots and worst heading.

Surge (m) Sway (m) Yaw (deg)
Maximum | Sig. Amp. | Maximum | Sig. Amp | Maximum | Sig. Amp
Seed #1 45.7 27.7 28.7 19.8 15.0 5.1
Seed #2 95.5 59.7 31.1 14.5 16.1 4.9
Seed #3 56.3 39.9 25.6 14.5 134 4.6
Seed #4 45.2 32.7 24.9 14.7 15.4 53
Combined 95.5 384 31.1 15.7 16.1 5.0

Table 6. Lateral response for different random seed values at 12 knots and 135 degrees.

Surge (m) Sway (m) Yaw (deg)
Maximum | Sig. Amp. | Maximum | Sig. Amp | Maximum | Sig. Amp
Seed #1 28.1 16.8 22.8 13.9 7.0 2.7
Seed #2 36.5 19.2 18.7 7.7 7.4 2.8
Seed #3 8.71 4.7 10.7 6.5 6.5 3.0
Seed #4 7.6 55 9.9 8.4 6.7 2.8
Combined 36.5 11.6 22.8 9.1 7.4 2.8

11
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Figure 2. T-ADC(X) significant single amplitude surge (m) at UNREP speeds in high sea
state 5.

Table 7. T-ADC(X) significant single amplitude surge (m) at UNREP speeds in high sea

state 5.
Head ’ Heading Following
knots | © 15 30 45 60 75 90 105 120 135 150 165 180
10 11.22 11.34 9.68 8.03 11.33 16.32 16.80 48.91 18.17 15.76 16.37 20.74 18.00
12 802 798 624 577 896 1622 11.00 27.45 10.85 1156 22.84 38.42 35.85
14 543 576 463 4.98 7.00 1427 7.99 19.32 10.20 20.33 30.34 29.93 27.64
16 239 247 315 493 6.80 11.31 6.34 10.64 7.16 17.80 44.39 75.30 61.17

Table 8. T-ADC(X) maximum surge (m) at UNREP speeds in high sea state 5.

Head Heading Following
knots | © 15 30 45 60 75 90 105 120 135 150 165 180
10 29.22 28.77 23.75 21.19 23.77 34.09 34.42 99.47 4343 36.76 4542 50.56 44.02
12 19.80 19.77 16.20 17.92 23.26 34.98 17.07 53.68 30.14 36.46 50.43 8298 95.50
14 13.36 13.28 10.68 15.79 20.80 29.89 14.49 37.88 24.60 38.58 80.53 57.42 49.72
16 777 7.67 898 1409 20.16 28.62 11.52 30.99 2157 36.12 66.17 145.06 117.62
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Figure 3. T-ADC(X) significant single amplitude sway (m) at UNREP speeds in high sea

state 5.

Table 9. T-ADC(X) significant single amplitude sway (m) at UNREP speeds in high sea

state 5.

Head Heading Following
knots | 0 15 30 45 60 75 90 105 120 135 150 165 180
10 0.00 180 396 7.31 11.33 1479 1822 1429 1055 860 874 856 0.00
12 0.00 165 3.81 6.00 965 12.13 15.70 13.00 934 9.14 1128 11.31 0.00
14 000 150 336 6.01 946 1210 1366 1146 865 9.34 1258 1257 0.00
16 000 144 297 519 7.84 1148 1176 1110 898 1096 17.40 13.93 0.00

Table 10. T-ADC(X) maximum sway (m) at UNREP speeds in high sea state 5.

Head Heading Following
knots | 0 15 30 45 60 75 90 105 120 135 150 165 180
10 0.00 483 9.44 17.39 28.23 36.55 34.06 29.09 22.02 24.22 17.04 15.07 0.00
12 0.00 429 8.13 1489 2468 31.10 28.85 26.87 21.45 22.79 2098 1531 0.00
14 0.00 387 7.34 13.12 21.20 25.57 26.63 26.10 20.88 23.29 23.24 2438 0.00
16 0.00 343 7.11 1245 18.16 2595 23.56 24.66 20.66 19.37 3449 26.36 0.00
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Figure 4. T-ADC(X) significant single amplitude heave (m) at UNREP speeds in high
sea state 5.
Table 11. T-ADC(X) significant single amplitude heave (m) at UNREP speeds in high
sea state 5.
Head Heading Following
knots | 0 15 30 45 60 75 90 105 120 135 150 165 180
10 089 091 101 118 142 170 19 176 128 095 075 065 0.61
12 094 097 1.08 128 153 181 202 172 124 092 074 065 062
14 101 1.05 116 136 162 189 205 169 121 093 074 064 0.61
16 111 114 125 146 171 197 207 167 118 091 074 063 0.60
Table 12. T-ADC(X) maximum heave (m) at UNREP speeds in high sea state 5.
Head Heading Following
knots i 0 15 30 45 60 75 90 105 120 135 150 165 180
10 156 155 1.97 219 261 325 358 366 277 201 146 124 1.28
12 178 178 196 234 264 325 380 338 272 170 130 1.18 1.03
14 197 207 214 252 293 317 378 356 283 191 132 115 1.00
16 208 228 237 245 314 344 384 384 203 214 138 1.00 0097
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Figure 5. T-ADC(X) significant single amplitude roll (deg) at UNREP speeds in high sea
state 5.

Table 13. T-ADC(X) significant single amplitude roll (deg) at UNREP speeds in high sea

state 5.
Head Heading Following
knots | 0 15 30 45 60 75 90 105 120 135 150 165 180
10 002 065 139 217 316 425 554 773 871 856 721 470 0.04
12 003 053 113 187 285 401 555 793 947 954 815 520 0.04
14 004 045 098 165 258 3.81 559 814 1032 1079 867 458 0.04
16 003 039 087 149 238 361 553 842 1115 1159 7.96 217 0.04

Table 14. T-ADC(X) maximum roll (deg) at UNREP speeds in high sea state 5.

Head Heading Following
knots | © 15 30 45 60 75 90 105 120 135 150 165 180
10 006 1.47 274 393 586 7.78 10.75 1495 16.61 146 10.93 856 0.08
12 007 101 215 397 482 7.09 1067 1449 17.14 1381 1239 971 0.07
14 006 092 197 325 534 687 1058 1492 17.69 17.11 1347 862 0.07
16 0.06 086 179 3 46 6.48 955 1515 16.89 19.54 1455 437 0.08
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Figure 6. T-ADC(X) significant single amplitude pitch (deg) at UNREP speeds in high
sea state 5.

Table 15. T-ADC(X) significant single amplitude pitch (deg) at UNREP speeds in high

sea state 5.
Head Heading Following
knots | 0 15 30 45 60 75 90 105 120 - 135 150 165 180
10 157 159 165 169 166 145 087 088 113 112 106 102 1.00
12 162 163 168 172 166 140 069 092 110 108 100 096 0.96
14 165 166 171 173 166 135 058 092 1.04 1.03 098 095 092
16 167 168 172 174 165 132 052 092 099 097 092 087 084

Table 16. T-ADC(X) maximum pitch (deg) at UNREP speeds in high sea state 5.

Head Heading Following
knots | © 15 30 45 60 75 90 105 120 135 150 165 180
10 271 284 286 2306 29 263 181 190 269 239 195 189 1.84
12 276 275 282 296 282 241 143 207 218 194 201 181 1.60
14 299 315 3.09 3.04 313 244 124 188 221 194 179 187 182
16 316 3.18 326 296 288 244 116 204 220 219 171 170 160
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Figure 7. T-ADC(X) significant single amplitude yaw (deg) at UNREP speeds in high

sea state 5.

Table 17. T-ADC(X) significant single amplitude yaw (deg) at UNREP speeds in high
sea state 5.

Head Heading Following
knots I 0 15 30 45 60 75 90 105 120 135 150 165 180
10 0.08 047 114 210 340 494 630 275 317 3.14 338 285 0.05
12 004 038 083 163 280 419 495 258 241 281 345 3.08 0.01
14 003 034 069 133 242 358 399 225 222 297 322 198 0.00
16 0.03 032 060 1.16 210 3.08 327 189 207 285 261 171 0.01

Table 18. T-ADC(X) maximum yaw (deg) at UNREP speeds in high sea state 5.

Head Heading Following
knots | 0 15 30 45 60 75 90 105 120 135 150 165 180
10 019 1.7 3.8 7.09 1222 1832 2046 994 9.07 11.05 9.01 8.5 0.12
12 009 149 288 557 10 1456 16.12 822 784 742 1117 7.74 0.02
14 005 138 274 461 809 118 1329 832 8.02 7.82 78 6.86 0.01
16 006 128 213 388 682 966 1067 628 682 7.26 9.1 321 0.02
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Table 19. Significant single amplitude sﬁrge (m) for seed #2 at worst heading by sea

state.
10 kn 12 kn 14 kn 16 kn
Low Sea State 5 24.71 19.58 16.36 34.04
Mid Sea State 5 42.89 32.25 37.31 39.96
High Sea State 5 60.14 59.66 27.85 80.57

Table 20. Significant single amplitude sway (m) for seed #2 at worst heading by sea

state.
10 kn 12 kn 14 kn 16 kn
Low Sea State 5 9.53 7.82 6.87 11.94
Mid Sea State 5 13.77 12.85 10.37 12.96
High Sea State 5 18.43 14.47 13.64 22.15

Table 21. Significant single amplitude yaw (deg) for seed #2 at worst heading by sea

state.
10 kn 12kn 14 kn 16 kn
Low Sea State 5 2.68 2.04 1.66 1.40
Mid Sea State 5 4.60 3.58 2.80 2.36
High Sea State 5 6.52 4.88 3.88 3.14
Table 22. T-ADC(X) significant single amplitude surge (m) at UNREDP speeds in low sea
state 5.
Head Heading Following
knots | 0 15 30 45 60 75 a0 105 120 135 150 165 180
10 247 259 117 425 9.04 13.88 8.61 24.71 10.10 10.14 9.27 9.00 20.40
12 157 159 202 493 8.11 1282 6.43 1549 7.19 6.28 10.85 19.58 17.55
14 140 178 247 419 6.42 10.03 4.77 1083 654 9.49 6.92 16.36 10.11
16 084 103 225 396 529 7.32 3.31 746 559 17.46 18.00 28.27 34.04
Table 23. T-ADC(X) absolute maximum surge (m) at UNREP speeds in low sea state 5.
Head Heading Following
knots I 0 15 30 45 60 75 90 105 120 135 150 165 180
10 262 270 201 6.68 14.23 21.60 12.48 39.11 17.41 15.30 14.68 14.46 22.16
12 218 257 427 871 13.54 19.86 9.53 26.45 12.71 14.67 21.58 27.02 27.97
14 1.71 229 457 757 11.32 1450 785 17.24 10.64 16.23 12.35 17.09 13.42
16 176 1.98 3.93 6.94 9.92 11.61 5.45 12.95 9.98 14.45 34.46 42.31 55.89
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T-ADC(X) significant single afnplitude sway (m) at UNREP speeds in low sea

Table 24.
state 5.
Head Heading Following
knots | 0 15 30 45 60 75 90 105 120 135 150 165 180
10 000 134 217 399 779 859 953 743 552 390 339 332 0.00
12 000 157 252 318 573 759 7.82 6.01 521 393 561 4.18 0.00
14 000 1.47 262 330 456 633 687 500 437 363 539 562 0.00
16 000 122 202 324 441 527 562 496 535 512 11.94 6.32 0.00
Table 25. T-ADC(X) absolute maximum sway (m) at UNREP speeds in low sea state 5.
Head Heading Following
knots | 0 15 30 45 60 75 90 105 120 135 150 165 180
10 000 294 500 7.95 1290 17.14 1427 8.72 652 7.30 843 353 0.00
12 000 273 451 7.00 11.49 1463 1225 9.06 6.04 757 844 8.04 0.00
14 000 267 409 644 983 1286 1077 7.81 804 947 930 6.29 0.00
16 000 241 401 585 814 1085 973 7.58 8.33 10.57 13.92 7.89 0.00
Table 26. T-ADC(X) significant single amplitude yaw (deg) at UNREP speeds in low sea
state 5.
Head Heading ~ Following
knots l 0 15 30 45 60 75 90 105 120 135 150 165 180
10 008 032 040 084 162 246 268 120 1.26 128 1.40 1.28 0.00
12 004 032 036 066 142 196 204 1.02 0.80 120 1.80 1.40 0.00
14 002 030 034 052 122 166 160 078 0.86 150 1.6 0.70 0.00
16 004 030 032 050 1.02 136 126 066 0.94 140 110 1.36 0.00
Table 27. T-ADC(X) absolute maximum yaw (deg) at UNREP speeds in low sea state 5.
Head ' Heading Following
knots I 0 15 30 45 60 75 90 105 120 135 150 165 180
10 009 1.15 150 287 554 838 843 428 37 204 326 240 0.02
12 005 1.0 1.39 224 453 657 637 3.16 264 299 371 220 0.01
14 002 109 133 190 367 537 529 274 228 335 379 180 0.00
16 004 109 133 181 319 432 458 293 289 323 206 209 0.00
Table 28. T-ADC(X) significant single amplitude surge (m) at UNREP speeds in middle
sea state 5. »
Head Heading Following
knots | 0 15 30 45 60 75 90 105 120 135 150 165 180
10 498 5.04 210 424 11.87 19.09 1211 42.88 16.89 14.06 12.25 19.25 12.50
12 2009 236 249 6.05 1080 18.49 827 2592 943 12.12 26.02 26.27 32.25
14 171 229 299 552. 859 1526 6.43 18.81 8.91 11.81 37.31 18.71 28.26
16 109 137 286 552 7.08 1232 561 11.94 821 11.02 18.98 39.96 3B.76
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Table 29. T-ADC(X) absolute maximum -surge (m) at UNREP speeds in middle sea

state 5.
Head Heading Following
knots | 0 15 30 45 60 75 90 105 120 135 150 165 180
10 565 5.85 280 6.57 17.73 30.23 16.27 68.63 27.70 19.05 23.52 25.88 21.06
12 2.45 3.26 4.69 10.87 17.27 27.15 10.67 4254 17.19 21.70 33.12 37.92 49.19
14 188 239 540 993 1562 2228 8.84 31.38 14.87 22.94 4095 23.97 36.99
16 187 229 499 939 1398 19.75 7.79 21.05 14.08 24.43 37.78 55.58 58.68
Table 30. T-ADC(X) significant single amplitude sway (m) at UNREP speeds in middle
sea state 5.
Head Heading Following
knots | 0 15 30 45 60 75 90 105 120 135 150 165 180
10 0.00 1.48 3.02 566 11.03 12.09 13.77 1042 827 551 552 4.62 0.00
12 000 1.74 356 466 845 1285 1139 9.78 8.06 478 574 788 0.00
14 000 164 352 496 694 878 967 885 549 479 1037 953 0.00
16 000 134 255 498 661 814 892 777 643 582 1232 1296 0.00
Table 31. T-ADC(X) absolute maximum sway (m) at UNREP speeds in middle sea
state 5.
Head Heading Following
knots | 0 15 30 45 60 75 90 105 120 135 150 165 180
10 0.00 3.49 6.47 1154 19.28 24.81 23.33 12.61 1065 991 1146 582 0.00
12 000 327 595 10.12 17.16 19.98 19.52 1284 870 11.87 8.66 1289 0.00
14 0.00 3.12 543 934 1451 1837 16.64 11.71 10.84 1158 16.51 9.69 0.00
16 000 283 511 865 1235 1577 1426 1259 953 12.18 28.89 17.86 0.00
Table 32. T-ADC(X) significant single amplitude yaw (deg) at UNREP speeds in middle
sea state 5.
Head Heading Following
knots I 0 * 15 30 45 60 75 90 105 120 135 150 165 180
10 002 034 058 138 246 378 460 188 226 166 1.84 166 0.04
12 002 034 048 106 216 3.18 358 174 138 180 254 222 0.00
14 006 030 044 086 190 268 280 148 126 184 258 130 0.00
16 002 028 040 082 166 222 236 120 142 190 172 156 0.00
Table 33. T-ADC(X) absolute maximum yaw (deg) at UNREP speeds in middle sea
state 5.
Head Heading Following
knots | 0 15 30 45 60 75 90 105 120 135 150 165 180
10 002 123 220 4.43 839 13.10 1386 7.00 599 444 500 4.08 0.08
12 005 1.18 1.74 3.47 6.92 1043 1066 537 4.09 467 642 450 0.01
14 005 117 161 273 558 861 838 446 339 437 579 211 0.01
16 004 114 159 255 472 679 684 423 441 475 324 238 0.00
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Table 34. Significant single amplitude sufge (m) for seed #2 at worst heading by rudder
size in high sea state 5.

Table 35. Significant single amplitude sway (m) for seed #2 at worst heading by rudder
size in high sea state 5.

Table 36. Significant single amplitude yaw (deg) for seed #2 at worst heading by rudder

10 kn 12 kn 14 kn 16 kn
Original rudder 60.14 59.66 27.85 80.57
+20% increase 48.74 59.59 30.15 80.57

10 kn 12 kn 14 kn 16 kn
Original rudder 18.43 14.47 13.64 22.15
+20% increase 15.66 14.13 11.47 19.76

size in high sea state 5.

10 kn 12 kn 14 kn 16 kn
Original rudder 6.52 4.88 3.88 3.14
+20% increase 5.00 3.96 3.06 2.58

Table 37. T-ADC(X) significant single amplitude surge (m) at UNREP speeds in high
sea state 5 with 20% increased rudder area.
Head Heading Following
knots | 0 15 30 45 60 75 90 105 120 135 150 165 180
10 478 470 380 7.99 18.11 23.64 17.13 48.74 2457 1817 2250 26.73 27.65
12 3.85 3.80 5.23 10.25 15.07 23.33 9.43 32.30 14.43 18.12 30.36 56.98 59.69
14 3.43 454 593 9.13 1219 19.78 6.65 23.29 1529 25.16 30.15 24.15 16.42
16 224 283 532 867 11.07 16.97 571 1425 1112 28.79 52.99 51.88 80.57
Table 38. T-ADC(X) absolute maximum surge (m) at UNREP speeds in high sea state 5
with 20% increased rudder area.
Head Heading Following
knots | 0 15 30 45 60 75 90 105 120 135 150 165 180
10 6.32 588 7.23 12.90 24.26 35.73 24.07 80.27 42.45 34.09 42.35 44.67 44.01
12 5.81 6.59 10.07 18.07 23.18 34.60 14.19 52.68 29.51 34.42 46.17 85.50 95.59
14 525 598 1042 1593 21.53 30.16 10.49 4169 23.67 42.67 29.30 53.88 35.32
16 351 449 9.17 14.32 19.96 2481 7.88 25.37 2129 5129 66.78 57.11 96.46
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Table 39. T-ADC(X) significant single arhplitude sway (m) at UNREP speeds in high sea
state 5 with 20% increased rudder area.

Head Heading Following
knots | 0 15 30 45 60 75 90 105 120 135 150 165 180
10 0.00 1.97 411 7.47 1393 1566 14.87 1146 1019 821 1029 794 0.00
12 0.00 218 4.66 6.18 10.65 14.13 1278 10.79 1145 937 891 1141 0.00
14 000 202 479 679 873 1147 1086 953 769 741 958 10.76 0.00
16 000 159 320 650 808 1046 10.19 903 855 887 19.76 16.62 0.00

Table 40. T-ADC(X) absolute maximum sway (m) at UNREP speeds in high sea state 5
with 20% increased rudder area.

Head Heading Following
knots | © 15 30 45 60 75 90 105 120 135 150 165 180
10 0.00 4.91 8.86 16.07 2553 31.76 29.34 1593 14.42 1460 17.73 10.13 0.00
12 0.00 421 7.72 1360 2240 26.36 25.11 1556 13.39 20.64 14.97 21.31 0.00
14 0.00 371 7.05 12.30 1929 22.82 21.85 1241 16.50 21.15 16.22 18.88 0.00
16 0.00 3.48 6.71 11.58 16.47 19.87 19.15 1573 15.96 19.32 22.39 26.18 0.00

Table 41. T-ADC(X) significant single amplitude yaw (deg) at UNREP speeds in high
sea state 5 with 20% increased rudder area.

Head : Heading Following
knots | O 15 30 45 60 75 90 105 120 135 150 165 180
10 010 038 086 178 294 430 5.00 210 268 266 288 268 002
12 002 034 064 134 252 362 39 176 196 256 332 230 0.00
14 002 030 056 106 214 3.02 306 156 182 252 250 1.64 0.00
16 002 028 048 098 184 244 258 134 192 228 214 142 0.00

Table 42. T-ADC(X) absolute maximum yaw (deg) at UNREP speeds in high sea state 5
with 20% increased rudder area.

Head Heading , Following
knots | © 15 30 45 60 75 90 105 120 135 150 165 180
10 0.16 1.45 3.18 6.13 10.77 16.01 16.10 805 738 6.02 782 6.86 0.02
12 005 131 245 471 877 1257 1256 595 592 654 9.69 546 0.01
14 005 126 193 355 6.81 10.08 10.08 514 520 599 500 343 0.01
16 003 120 172 309 556 791 826 518 502 6.07 679 289 0.00
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Figure 8 T-ADC(X) sig. sin. amp. surge (m) in low sea state 5 (seed #2).
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Figure 9 T-ADC(X) sig. sin. amp. surge (m) in medium sea state 5 (seed #2).
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Figure 10 T-ADC(X) sig. sin. amp. surge (m) in high sea state 5 (seed #2) + 20% larger
rudder.
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Figure 11 T-ADC(X) sig. sin. amp. sway (m) in low sea state 5 (seed #2)
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Figure 12 T-ADC(X) sig. sin. amp. sway (m) in medium sea state 5 (seed #2).
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Figure 13 T-ADC(X) sig. sin. amp. sway (m) in high sea state 5 (seed #2) + 20% larger

rudder.
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Figure 14 T-ADC(X) sig. sin. amp. yaw (deg) in low sea state 5 (seed #2).
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Figure 15 T-ADC(X) sig. sin. amp. yaw (deg) in medium sea state 5 (seed #2).
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Figure 16 T-ADC(X) sig. sin. amp. yaw (deg) in high sea state 5 (seed #2) + 20% larger

rudder. .
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